
Author's personal copy

The fate of subducted oceanic slabs in the shallow mantle: Insights from boron
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Serpentine muds from South Chamorro Seamount (SCS), drilled during ODP Leg 195 at Site 1200 contain
metamafic clasts that experienced blueschist-facies metamorphism (including the critical mineral assem-
blage pumpellyite – Na-amphibole – epidote). These schists represent fragments from the actual slab–mantle
interface at ~27 km depth. Their heterogeneous lithology with a metasomatic character indicates significant
mobility of major elements in the Mariana forearc, a region of mélange formation as it can also be observed in
onland exposures such as the Catalina Schist. As the Mariana forearc blueschists show no late stage alteration
they permit the direct study of material transfer during the subduction processes at an active convergent
margin.
This study presents the first data of detailed B isotope (δ11B) and light element variations in blueschist-facies
minerals from the Mariana arc system. The primary foci are B and Li concentrations and δ11B values analyzed
by SIMS and ToF-SIMS techniques. Minerals such as (Na-rich) amphibole, phengite and chlorite are found to
be strongly enriched in Li (up to 70 μg/g), Be (up to 8 μg/g) and B (up to 35 μg/g) and with δ11B values of
−6±4‰. These new data are consistent with isotopically heavy B being released into the Mariana forearc
mantle wedge (serpentinization of dry mantle peridotite after interaction with B-rich slab-released high pH
fluids) and confirm models of significant B-loss and B isotope fractionation during forearc (shallow) slab de-
hydration. The elevated Li, Be and B concentrations in minerals that comprise the bulk of the rocks, namely,
amphibole, phengite, and chlorite bear a strong potential to further transport Li and B as well as the isotopi-
cally light component of B to greater depths in the mantle, where ongoing metamorphism is responsible for
further isotope and elemental fractionation and the formation of distinct mantle reservoirs, e.g. volcanic arc
and oceanic intra-plate (OIB) magmas.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Convergent plate margins are the most dynamic and complex
global structures in the Earth's interior. For example at subduction
zones input and output ‘materials’ account for global elemental cy-
cling, where elements are transported from the ocean waters to the

sediments and subducted oceanic crust, towards the deep mantle
and then back to the surface via arc magmatism. Studies on cross-
arc volcanic chains reveal that light element concentrations and iso-
topic ratios change with increasing depth of the slab and/or distance
from the volcanic fronts (or trenches) and that light element contents
are always enriched in the metasomatized portion of the mantle (e.g.,
Chan et al., 1999, 2002; Ishikawa and Nakamura, 1994; Ishikawa and
Tera, 1999; Leeman, 1996; Ryan et al., 1995, 1996; Savov et al., 2005b;
Tatsumi et al., 1986; Tomascak et al., 2002). Recent light element
studies on enriched mantle wedge serpentinites, serpentinite muds,
slab-derived pore waters, and metamafic rocks (Bebout et al., 1999;
Benton et al., 2001, 2004; Deschamps et al., 2011; Fryer et al., 1999;
Kodolányi and Pettke, 2011; Maekawa, 1995; Maekawa et al., 1992,
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1993; Mottl et al., 2003; Savov et al., 2004, 2005b, 2007) stress the
importance of forearc processes controlling the element recycling
within the ‘Subduction Factory’.

One of the most complex and lithologically and geochemically di-
verse region of subduction zones is the slab–mantle interface (décol-
lement) – a region known as a tectonic mélange. Although rarely well
preserved, such tectonic mélanges could be exhumed in collision
zones and orogenic belts (e.g., Bebout and Barton, 1989; King et al.,
2006). Most observations so far were made upon experiments and
partially preserved onland exposures, where erosion has exposed an-
cient subduction-related metamorphic rocks such as those from the
Catalina Island in California and Syros Island in Greece (e.g., Bebout,
1995; Bebout et al., 1999; Breeding et al., 2004; Coleman and Clark,
1968; Essene and Fyfe, 1967; King et al., 2006, 2007; Marschall et
al., 2006a; Peacock and Hervig, 1999; Sorensen and Grossman, 1989).

In the Izu-Bonin-Mariana convergent margin in theWestern Pacif-
ic (Fig. 1), the ongoing extrusion of vast amounts of serpentinite
muds at large forearc-situated seamounts such as Big Blue, Conical
and South Chamorro seamounts (Fryer et al., 2006), emplaces not
only serpentinized mantle wedge material, but also a unique suite
of metamafic rocks and minerals from depths of up to ~27 km
(Fryer et al., 1999, 2000, 2006; Gharib, 2006; Maekawa, 1995;
Maekawa et al., 1992, 1993; Savov et al., 2004). The largest volumes
of such metamafic clasts are recovered from the South Chamorro Sea-
mount, with Conical, Pacman and Big Blue Seamounts having less of
these forearc sourced metamorphic rocks (Fryer et al., 2006; Gharib,
2006; Savov et al., 2004) and no high-pressure minerals were recov-
ered from seamounts closer to the trench (b70 km distance; Gharib,
2006; Maekawa, 1995; Maekawa et al., 1992; Savov et al., 2005a).
Up to 8% of the fragments found within the serpentinite mudflows
have mafic composition (Fryer, 1992; Fryer and Mottl, 1992; Fryer
et al., 1990, 1999, 2006; Gharib et al., 2002; Johnson, 1992; Johnson

and Fryer, 1990; Lagabrielle et al., 1992; Maekawa, 1995; Maekawa
et al., 1993; Savov et al., 2004, 2005a). Most of these mafic clasts are
of blueschist-facies metamorphic grade representing material shed
from the downgoing, Jurassic in age, Pacific slab (Fryer et al., 1999;
Maekawa, 1995; Maekawa et al., 1993). Due to these recent discover-
ies, it appears that the Mariana forearc serpentinite seamounts
(Figs. 1 and 2) offer an exceptional location for detailed petrological
investigation of a great variety of slab-derived material which is the
only opportunity to investigate in-situ the workings of an ongoing
plate convergence.

Bebout et al. (1993, 1999) examined Li, Be and B whole rock abun-
dances of metasediments and metamafic rocks from the Catalina
Schist in California. These rocks exhibit a range of metamorphic
grades from lawsonite-albite to greenschist and epidote-
amphibolite facies. The high B/Be ratios typically found in both ocean-
ic sediments (B/Be 50–200) and altered oceanic crust (B/Be 5–200;
Bebout et al., 1993; Moran et al., 1992; Ryan and Langmuir, 1988,
1993; Spivack et al., 1987) overlap with B/Be ratios in subduction re-
lated metamorphic rocks. However, decreasing B concentrations
(from ~180 to ~1 μg/g) and decreasing B/Be ratios (from ~140 to
~4) with increasing metamorphic grade in Catalina rocks imply that
B, compared to Be, is preferentially removed from the subducting
slab during prograde metamorphism and that high B/Be ratios are
not retained to subarc depths (Bebout et al., 1993, 1999). Also, B
and other highly fluid-mobile elements are initially lost from com-
pacting subducting sediments by devolatilization at shallow depths
(Bebout et al., 1993; Kastner and Elderfield, 1993; Kastner et al.,
1993; Underwood et al., 2010; You et al., 1993, 1995). Further evi-
dence for light element fractionation and progressive fluid- and
fluid mobile element (B, As, Cs, Sb, I) loss from the subducted sedi-
ments during subduction is evident by enriched Li, Be and B concen-
trations in serpentinites of the overlying mantle wedge material,

Fig. 1. a) Bathymetry color map of the Izu-Bonin-Mariana arc-basin system (from and after Fryer and Salisbury, 2006), black rectangle indicates the area of figure b), b) Bathymetry
map showing volcanic islands and serpentinite mud volcanoes, the seamounts relevant for this study are Conical and South Chamorro Seamount (modified after Snyder et al., 2005).
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compositions of extruding forearc fluids and the dramatic across-arc
variations of concentrations and isotopic compositions of B, Pb and
Li in subduction-related volcanic rocks (Ishikawa and Nakamura,
1994; Ishikawa and Tera, 1997, 1999; Moriguti and Nakamura,
1998; Mottl et al., 2004; Pabst et al., 2011; Ryan and Langmuir,
1987, 1988, 1993; Ryan et al., 1995, 1996; Savov et al., 2009;
Tonarini et al., 2001).

B is relatively mobile in aqueous fluids and its redistribution and
the fractionation of its isotopic species strongly depends on the ther-
mal evolution and resulting devolatilization history of subducted ma-
terials (e.g., Bebout and Nakamura, 2003; Bebout et al., 1993, 1999;
King et al., 2007; Marschall et al., 2007; Moran et al., 1992; Nakano
and Nakamura, 2001; Peacock and Hervig, 1999). Hence, the prefer-
ential loss of the heavier isotope 11B during devolatilization
(Leeman and Sisson, 2002; Palmer and Swihart, 1996; Ryan, 2002)
decreases δ11B values of the subducting material with depth. This sce-
nario is supported by several studies on subduction related rocks
from onland localities where B contents and B isotopic compositions
of metasedimentary rocks appear to be somewhat lower than those
of unmodified seafloor sediments (e.g., King et al., 2007; Nakano
and Nakamura, 2001; Peacock and Hervig, 1999).

The B isotopic composition of marine sediments (−4 to +3‰,
Spivack et al., 1987) and the composition of altered oceanic crust
(AOC; +3.4 ±1.1‰; Smith et al., 1995) differs from subduction relat-
ed metamorphic rocks with distinctly lower δ11B values (−3 to
−7‰, Peacock and Hervig, 1999. Hence, boron isotope systematics
have proven to be important tracers for the characterization of mate-
rial recycling and metamorphic fluids in subduction zones (Benton et
al., 2001; Chaussidon and Jambon, 1994; Chaussidon and Marty,
1995; Ishikawa and Nakamura, 1992, 1993; King et al., 2007;
Marschall et al., 2006b; Nakano and Nakamura, 2001; Palmer, 1991;
Savov et al., 2004, 2009).

This study presents a detailed petrological and geochemical (Li,
Be, B, δ11B) investigation of the metamafic clasts recovered from
South Chamorro Seamount (SCS) during ODP Leg 195 (Fryer and
Salisbury, 2006; Figs. 1 and 2). It is the first systematic study on the

light element inventory of blueschist-facies minerals of actively sub-
ducting slabs at an intra-oceanic type convergent margin. Our study
provides a high quality dataset uniquely enabling us to see through
the complex physical and chemical fluxes occurring at the slab–man-
tle-interface during the early stages of subduction. Moreover, the on-
going subduction and the increasing P and T with depth forces a
further breakdown of specifically these types of hydrous minerals
and a release of fluids under arc volcanic fronts. We will explore po-
tential links between forearc dewatering under high pressures that
are responsible for blueschist metamorphic assemblage formation,
and the impact of such lithologies regarding the efficient recycling
of light elements in the subarc mantle.

2. Geological setting and serpentinite mud volcanism of the
Mariana forearc

The Izu-Bonin-Mariana (IBM) subduction zone is a non-
accretionary intra-oceanic convergent plate margin, which stretches
over ~2800 km from near Tokyo (Japan), to south of Guam (Mariana
Islands) (Fig. 1). At IBM the Mesozoic Pacific Plate is being subducted
west–northwestward beneath the Philippine Sea plate (Stern et al.,
2003; Uyeda, 1982; Uyeda and Kanamori, 1979).

The region developed since the Early-Middle Eocene (48 Ma ago)
with the onset of westward subsidence of old, dense Jurassic–Creta-
ceous Pacific crust beneath the Philippine Sea plate (Bloomer et al.,
1995; Cosca et al., 1998; Seno and Maruyama, 1984; Stern and
Bloomer, 1992). Currently, in the Mariana segment of the convergent
margin, the Pacific plate descends at a 20° dip angle to ~60 km
depths, while at depths >100 km it sinks almost vertically beneath
the Philippine Sea plate (Engdahl et al., 1998; Fryer et al., 1990). Con-
verging rates of the Pacific plate were modeled by Seno et al. (1993)
and reach ~20 mm/yr moving in NW direction at 12°N and ~60 mm/
yr moving WNW at 34°N. In consequence, plate motions under Coni-
cal and South Chamorro seamounts equal to ~43 mm/yr and
~23 mm/yr, respectively.

Fig. 2. Cross-section of the non-accretionary Mariana subduction zone in the area of the South Chamorro Seamount, modified after Savov et al. (2007) and adjusted using bathy-
metric and seismic information from Oakley et al. (2008) and Mottl et al. (1998). The black circle indicates the likely origin of the investigated metamafic rocks.
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Seismic investigations of the southern Mariana subduction zone
suggest a depth to the slab of >25 km below sea level, i.e., >22 km
below seafloor (kmbsf) at ~85 km distance from the trench (below
South Chamorro Seamount; e.g., Oakley et al., 2008). Numerous
2–3 km high seamounts have been well documented on the Pacific
plate entering the Marianas Trench (Fryer and Fryer, 1987; Fryer
and Smoot, 1985). Nevertheless, there seems to be no conclusive geo-
physical evidence for significant tectonic deformation of the Mariana
forearc crust due to collision with such seamounts (Oakley et al.,
2008). Despite that, the Mariana forearc between the trench and the
arc is pervasively faulted by tectonic activity (Horine et al., 1990;
Salisbury et al., 2002). Within deep reaching faults of the forearc, ser-
pentinite gouges mix with rising slab-derived fluids. This mud-rock-
mixture buoyantly rises until it ultimately extrudes on the seafloor
to form numerous km-scale seamounts, i.e., serpentinite mud volca-
noes (e.g., Fryer, 1992; Fryer et al., 2006; Hussong and Fryer, 1982).
They are located on the outer forearc of the Mariana margin in a
trench-parallel zone ~30 to 100 km arcwards of the trench axis (be-
tween trench and arc) and can reach up to 40 km in diameter and
over 2 km in height (Fryer, 1992; Fryer et al., 2000, 2006). Unconsol-
idated flows of clay- to silt-sized serpentinite mud enclose up to
boulder-sized clasts of variably serpentinized mantle peridotite and
subordinately blueschist-facies clasts (Fryer and Hussong, 1982;
Fryer and Todd, 1999; Fryer et al., 1990, 2000, 2006; Gharib, 2006;
Maekawa, 1995; Maekawa et al., 1992; Salisbury et al., 2002; Savov
et al., 2004) that permit the direct sampling of slab-derived material
(see Fig. 2).

3. Sample selection and analytical techniques

Samples were selected from drill cores recovered at the SCS during
ODP Leg 195, at Site 1200 during cruises of the Drilling Vessel JOIDES
Resolution (Salisbury et al., 2002). The SCS is located at a water depth
of 2930 m below seafloor (mbsf) at 13°47′ N, 146°00′ E, ~125 km east
of Guam Island and 85 km west of the trench (Figs. 1 and 2). Uncon-
solidated serpentinite mud was recovered as whole-round sections of
cores from piston drilling and then ~10 cm intervals were squeezed
to mud-pellets for pore fluid extractions (e.g., Salisbury et al., 2002).
A total of eleven mud-pellets (representing more than one meter of
drill section) were dissolved in distilled water and fragments of inter-
est were hand-picked quantitatively and then sorted using a Leica
WILD M10 binocular microscope. This procedure was necessary due
to the weak texture of most fragments and their overall small size
varying from b1 mm to several mm. A total of about 50 metamafic
clasts was prepared as 1-inch round polished sections (not impreg-
nated) appropriate for the secondary ion mass spectrometer (SIMS)
at the Institut für Geowissenschaften, Universität Heidelberg, Germa-
ny. The high number of fragments of our study considerably increases
the amount and knowledge extracted from previously studied meta-
mafic samples from the Mariana forearc (e.g., Fryer, 1992; Fryer et al.,
2006; Gharib et al., 2002; Johnson, 1992; Maekawa, 1995; Maekawa

et al., 1993; Savov et al., 2005a). In Table 1 we list the studied inter-
vals from SCS containing metamafic rock clasts (e.g., chlorite-
amphibole-schists).

Major element compositions of mineral phases were determined
using a Cameca SX 51 electron microprobe (EPMA) equipped with
five wavelength-dispersive spectrometers (Institut für Geowis-
senschaften, Universität Heidelberg, Germany). Operating conditions
were 20 nA beam current and 15 kV acceleration voltage. Spot size
was 1 μm with counting times of generally 10 s for peak and 5 s for
background for all elements. Synthetic and natural oxides and sili-
cates were used as reference materials. Examination by EPMA and
SIMS required detailed petrographic documentation of the samples
(e.g., textures and mineral relationships) for choosing appropriate
targets for further analysis; sections were investigated by polarizing
microscopy followed by back-scattered electron (BSE) imaging
using a high resolution LEO 440 scanning electron microscope
(SEM) coupled with energy-dispersive X-ray spectrometer (EDS) at
the Institut für Geowissenschaften, Universität Heidelberg, Germany.
The applied accelerating voltage was 15 kV and probe current was
~2–5 nA. Carbon-coated polished sections were used for both BSE in-
vestigation and electron microprobe analyses.

Li, Be and B were analyzed in-situ on polished sections by Second-
ary Ion Mass Spectrometry (SIMS) using a modified Cameca ims 3f
ion microprobe at the Institut für Geowissenschaften, Universität Hei-
delberg, Germany. Analyses were performed using a 14.5 keV/20 nA
16O− primary beam and acceleration to a nominal energy of 4.5 keV
for the positive secondary ions. Secondary 7Li, 9Be, 11B and 30Si ions
were collected with the energy window set to 40 eV and applying
the energy filtering method using an offset of 75 eV at a mass resolu-
tion (m/Δm) of about 1040 to suppress interfering molecules and to
minimize matrix effects (Ottolini et al., 1993). Secondary ion intensi-
ties were normalized to the count rates of 30Si and calibrated against
the NIST SRM610 glass reference material using the concentrations
(preferred averages) from Pearce et al. (1997). The accuracy is esti-
mated to be b20% for Li and b10% for Be and B for concentrations in
excess of 0.1 μg/g (Ottolini et al., 1993). Element concentrations
were quantified using the Si values of the corresponding EPMA anal-
ysis. Each analysis comprised 10 cycles for each isotope with integra-
tion times of 4 s/cycle for Li and Be, 8 s/cycle for B, and 2 s/cycle for Si.
The setup chosen and the background of 0.02 ions/s (‘well known
background’) lead to a detection limit (critical value) of 1.9 ng/g
(Li), 1.8 ng/g (Be), and 6.9 ng/g (B) (Currie, 1968; Marschall and
Ludwig, 2004). Due to these low blank levels, the results were not
background corrected. We used the standard procedure of Marschall
and Ludwig (2004) in order to reduce possible surface contamination
during polished section preparation. Applying field apertures sup-
press contaminating secondary ions from the crater edges
(Benninghoven et al., 1987) and set the imaged field smaller than
the primary beam diameter and enables analyses of b6 μm spot size.

Boron isotopic composition was determined using a VG Isomass
54E positive thermal ionization mass spectrometer, following

Table 1
Summary of intervals containing metamafic material of holes 1200D, E, and F, South Chamorro Seamount, ODP Leg 195.

ODP Leg Hole Core Section Interval Depth in mbsfa Label Sample type Serpentinite Metabasics

195 1200D 001H 04WR 130–140 5.80 D1H4 Mud-pellet x x
195 1200D 003H 01WR 130–140 11.20 D3H1 Mud-pellet x x
195 1200E 001H 03WR 130–140 4.30 E1H3 Mud-pellet x x
195 1200E 002H 02WR 130–140 8.90 E2H2 Mud-pellet x x
195 1200E 004H 01WR 130–140 13.30 E4H1 Mud-pellet x x
195 1200E 004H 02WR 130–140 14.80 E4H2 Mud-pellet x x
195 1200E 007H 02WR 130–140 28.70 E7H2 Mud-pellet x x
195 1200F 001H 01WR 90–105 0.90 F1H1 Mud-pellet x x
195 1200F 001H 03WR 140–150 4.40 F1H3 Mud-pellet x x
195 1200F 001H 04WR 140–150 5.90 F1H4 Mud-pellet x x
195 1200F 002H 02WR 140–150 10.60 F2H2 Mud-pellet x x

a Data from http://iodp.tamu.edu/janusweb/coring_summaries/.
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separation of boron by ion-exchange procedures as described by
Tonarini et al. (2003). Total procedural blanks (30–40 ng) are negligi-
ble relative to the amount of sample processed (about 2000 ng). Iso-
topic fractionation associated with mass spectrometric analysis was
eliminated using a fractionation factor, calculated as {Rcert+
0.00079/Rmeas}, relative to NIST SRM 951 (11B/10Bmeas=4.0498±
0.0010) which was processed identically with each batch of samples.
Boron isotopic composition is reported in conventional delta notation
(δ11B) as per mil (‰) deviation from the accepted composition of
NIST SRM −951 (certified 11B/10B=4.04362; Catanzaro et al.,
1970). Precision and accuracy of isotopically homogeneous samples
treated with alkaline fusion chemistry are estimated conservatively
as ±0.5‰ (Tonarini et al., 2003) based on replicate determinations
for samples and for repeated analyses for standard rock JB-2
(δ11B=7.25±0.32‰ (2σ), n=33 analyses with independent
chemistry).

Boron isotope ratios were determined on B-rich minerals using the
Cameca ims 3f ion microprobe at the Institut für Geowissenschaften,
Universität Heidelberg, Germany. Primary ion beam was 16O− acceler-
ated to 10 keV with a beam current of 10–20 nA. The diameter of the
10 nA spot was b20 μm and increased to ~40 μmwith 20 nA beam cur-
rent. The energy window was set to 100 eV without offset to the sec-
ondary accelerating voltage. Mass resolution (m/Δm) was ~1175. On
each analysis spot 400 cycles were measured (only 200 for analyses
E1H3-A1,2 and E1H3-4D2,4,5) with counting times of 2×1.66 s and
1.66 s on 10B and 11B, respectively. The B6 obsidian (Tonarini et al.,
2003) was used as reference material for the in-situ B isotope analyses
with SIMS. Reproducibility for standard analyses was ~0.5‰ (1σ).

SIMS analyses of δ11B are dependent on the matrix of the sample
material and δ11B values often differ from δ11Bmeasured via TIMS tech-
niques (e.g., Rosner et al., 2008).With the same SIMS instrument in Hei-
delberg, B isotopes have been successfully analyzed for tourmaline and
phengite (Marschall, 2005). The results were cross-calibrated, i.e.
matrix-matched with the same sample material analyzed by TIMS
(Altherr et al., 2004;Marschall et al., 2006b). For this study, theminerals
amphibole ‘21805’ and phengite ‘Phe-80-3’, which are chemically ho-
mogeneous crystals, have been analyzed by SIMS and by TIMS. Using
the obsidian B6 (Tonarini et al., 2003) as a primary reference material,
SIMS δ11B values are −3.1±1.9‰ (1σ, N=15) for amphibole ‘21805’
and −14.8±2.8‰ (1σ, N=10) for phengite ‘Phe-80-3’, while the
TIMS δ11B values are −0.37±0.44‰ (1σ, N=2) for amphibole and
−13.50±0.35‰ (1σ, N=2) for phengite. Due to the offset between
SIMS and TIMS values of 2.8‰ for amphibole and 1.3‰ for phengite
(Fig. 3; Table 2) we use these crystals as primary standards in our

study and apply a conservative correction value of 3‰ for amphibole
and phengite analyses. B isotope data for chlorite crystals were cor-
rectedwith the use of these same crystals as there is lack of chlorite ref-
erence materials with sufficiently high B concentrations.

Element distributionmaps were obtained using an ION-TOF GmbH
ToF-SIMS IV instrument at Smithsonian Institution's NationalMuseum
of Natural History in Washington D.C., USA. ToF-SIMS is a surface-
sensitive method that uses a pulsed primary ion beam (e.g., Ga+,
Bi+, Cs+ or O2

+) to sputter atoms and molecules from the topmost
atomic monolayers of the surface. The fraction of the secondary parti-
cles that are ionized during this process (~1%) is then electrostatically
accelerated into a ‘flight tube’ (field-free drift region), where the ions
separate according to their velocities that depend on their masses.
Thus, their masses are determined by measuring the exact time at
which they reach the detector (i.e., time-of-flight), resulting in a sec-
ondary ion mass spectrum. While rastering the finely focused beam
over the sample surface, all secondary ion arrival times are recorded
together with the information of their spatial origin. For this study, a
25 kV 69 Ga+ primary ion column was operated in single crossover
mode with a cycle time of 50 μs, allowing for optimum lateral resolu-
tion of ~300 nm. To remove surface contamination, the mapping area
was sputter-cleaned with a 3 keV Ar+ ion beam. For silicates, the sen-
sitivity for the detection of Li+ is about 17 times higher than for B+

(Stephan, 2001). Also, the sensitivity of Li and B changes between
minerals, i.e., identical Li contents can result in different count-rates.

4. Results

4.1. Petrography

The metamafic rock fragments recovered from SCS comprise a
great variety of mineral assemblages and are all generally b5 mm in
diameter. There are some samples where non-foliated textures were
observed, but commonly these rocks exhibit schistosity defined by
oriented crystals of chlorite, phengite and/or amphibole. Although
finely comminuted by the drilling and squeezing of the serpentinite
mud, the clasts still preserve important textural and petrological in-
formation. The rocks were extracted from different depths and drill
core locations on the SCS summit area (Table 1) and therefore we con-
sider them as representative for the material carried in themud flows.
Accordingly, about 50 clasts from eleven individual core sections were
separated and thoroughly investigated. Clasts that show the same
mineral content and textures and that were recovered from the
same mud-pellet are considered as representing one rock piece. The
studied clasts reveal a great variety of mineral assemblages, however,
fragments can generally be divided into amphibole-(talc-)chlorite-
schists, chlorite-epidote-schists and amphibole-chlorite-phengite-

Fig. 3. Comparison of boron isotope ratios analyzed by TIMS and SIMS for amphibole
‘21805’ and phengite ‘Phe-80-3’. Symbol line lengths have 1σ error size. For values
see Table 3.

Table 2
Comparison of B isotope analyses by SIMS and TIMS.

Am ‘21805’ Phe ‘80-3’

SIMS
Mean Li content (μg/g) 0.09 32.09
1σ 0.02 4.5
Mean B content (μg/g) 11.69 27.13
1σ 1.2 1.3
Mean δ11B (‰) −3.12 −14.76
1σ 1.9 2.8
N 15 10

TIMS
δ11B (‰) −0.37 −13.50
1σ 0.44 0.35
N 2 2
Deviation SIMS-TIMS −2.75 −1.26

SIMS analyses were performed with 10–25 nA beam current and calibrated against B6
obsidian.
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schists (Table 3). In addition, few samples show almost mono-
mineralic aggregates (talc, amphibole). Due to the very small clast
sizes, it is often impossible to determine if these are parts of larger
rock pieces or metasomatic products.

Other fragments are rocks with magmatic protolith (samples
F2H2-5c+d, E7H2-10f, E1H3-3 d) and exotic schists composed of an-
dradite garnet in a fine-grained serpentine (antigorite) matrix (sam-
ples E2H2-4 g+5 h) or ‘hydrous Cr-garnet’ grains with picotite cores
embedded in a fine grained serpentine matrix (sample E4H2-2a) or
tiny andradite grains that are concentrated in chlorite layers that
are foliated and intergrown with biotite and accessory spinel (sample
D3H1-8c; Fig. 4a). Some of these samples might represent fragments
of volcanic arc erosion or entrained oceanic crust material (under the
seamount) sampled by the rising serpentinite muds. However, this
study aims to discuss light element concentrations and boron isotope
values of blueschist-facies rocks of broadly mafic composition (i.e.,
the subducting slab material). Hence, these latter rock types will not
be discussed further. Detailed information about these rocks can be
found in Pabst (2009).

4.1.1. Amphibole-talc-chlorite-schists
This is the most common rock variety recovered from SCS and is

dominated by the paragenesis amphibole+chlorite+talc of varying
abundance. Apatite, spinel, titanite, zircon, pyroxene, rutile and mag-
netite are present in some samples. Rock fragments include:

1) amphibole-free talc-schists with minor chromian magnetite
(Fig. 4b);

2) magnetite-bearing fine-grained and foliated tremolite schists with
talc and chlorite (more talc for less chlorite and vice-versa);

3) apatite-bearing amphibole-chlorite-talc-schist. The amphiboles
are actinolite, magnesio-hornblende and winchite;

4) amphibole-chlorite-talc-schist with patchy zoned amphiboles.
The amphiboles are actinolite-tremolite, magnesio-riebeckite to
winchite and magnesio-cummingtonite;

5) amphibole (tremolite)-chlorite-talc-schist with apatite, titanite,
ilmenite and zircon;

6) chlorite-amphibole-schists with no accessory minerals. Amphi-
boles are tremolite or actinolite with either tremolite or edenite
cores (Fig. 4c);

7) strongly foliated and strongly folded fine-grained amphibole-
chlorite-schist with apatite- and titanite-enriched bands and pat-
chy zoned amphiboles of tremolite-actinolite and magnesio-
hornblende-edenite composition;

8) coarse-grained weakly foliated chlorite-amphibole (actinolite)-
schists with titanite, apatite and zircon;

9) monomineralic tremolite-actinolite-aggregates (e.g., hornblen-
dite), and

10) chlorite-amphibole-schists with varying amounts of accessory ap-
atite, titanite, pyroxene and rutile. Amphiboles lack zonation and
are magnesio-hornblende and actinolite in composition, while
the pyroxenes are augite-diopside (En41Fs13Wo46.).

More massive rock types are chlorite-aggregates with accessory
titanite and chlorite-amphibole-aggregates with accessory magnetite.
Amphibole compositions are Mg-hornblende, actinolite and edenite.

4.1.2. Chlorite-epidote-schists
The chlorite-epidote-schists are characterized by epidote por-

phyroblasts and (Na-rich) amphiboles and a large variety of accessory

Table 3
Estimated modal composition (vol.%) of blueschist-facies clasts ODP Leg 195, South Chamorro Seamount.

Sample Depth (mbsf) Rock type srp tlc chl am phe ep aln ap ttn spl px pmp rt zrc grt Others

D1H4 5.85 chlorite-aggregate – – 82 – – – – – 18 – – – – – – –

D1H4-1a 5.85 am-chl-schist – 5 32 63 – – – – – – – – – – – –

D1H4-2d 5.85 am-chl-schist – – 59 33 – – – 2 6 – – – – b1 – –

D3H1-8C 11.25 chl-bt-schist – – 55 – – – – – – b1 – – – – 3 42 bt
E1H3-3d 4.35 chl-am-rock – – 90 8 – – – 2 – – – – – – – –

E1H3-4a 4.35 phe-chl-am-schist – – 38 16 37 b1 – 4 2 3 – – b1 – – –

E1H3-4b 4.35 chl-am-ep-rock – – 27 62 b1 4 b1 – 2 b1 b1 b1 4 b1 – –

E1H3-4c 4.35 chl-ep-grt-rock – – 50 4 – 25 b1 10 3 2 – – b1 b1 6 –

E1H3-4d 4.35 phe-am-chl-schist – – 25 42 30 – – – 3 – – – – – – –

E1H3-5, 2x 4.35 am-chl-schist – – 70 30 – – – – – – – – – – – –

E2H2-4b 8.95 chl-am-ap-rock – – 51(d) + 27(l) 10 – – – 1 1 – 10 – – – – –

E2H2-4j 8.95 amphibole-aggregate – – – 100 – – – – – – – – – – – –

E2H2-5d 8.95 am-chl-tlc-rock – 28 28 42 – – – 2 – – – – – – – –

E2H2-5j 8.95 talc-aggregate – 92 – – – – – – – 2 – – – – – 6
E4H1-2a 13.35 chlorite-amphibole – – 58 42 – – – – – b1 – – – – – –

E4H2-2b 14.85 chl-ep-rock – – 38 – – 58 – 2 2 – – – – – – –

E7H2-1a,b,2a,8a,b,10 28.75 am-chl-schist – – 28 68 – – – 2 2 – – – – – – –

E7H2-6A 28.75 chlorite-aggregate – – 63(d) + 34(l) – – – – – 3 – – – – – – –

F1H1-3C 0.98 am-chl-schist – – 50 50 – – – – – – – – – – – –

F1H1-3D 0.98 chl(-phe)-schist – – 97 – 3 – – – – b1 – – – – – –

F1H1-3E 0.98 am-chl-rock – – 42 45 – – – 4 4 – 5 – b1 – – –

F1H1-3F 0.98 am-chl-schist – – 50 50 – – – – – – – – – – – –

F1H3-2C 4.45 chl-tlc-am-schist – 76 8 16 – – – – – b1 – – – – – –

F1H3-2D 4.45 chlorite-aggregate – – 91 – – – – – 9 – – – – – – –

F1H3-2F 4.45 am-(tlc)-rock – 60 – 40 – – – – – – – – – – – –

F1H4-3a 5.95 chl-ep-rock – – 67 – – 30 in ep – 3 b1 – – – – – b1
F1H4-5 5.95 am-chl-schist – – 55 45 – – – – – – – – – – – –

F2H2-1A 10.65 am-chl-ep-schist – – 26 30 – 22 1 20 1 – – – – b1 – b1
F2H2-3F 10.65 amphibole-aggregate – – – 100 – – – – – – – – – – – –

F2H2-4A,B,H 10.65 phe-am-chl-schist – – 8 47 39 – – b1 3 – 3 – – b1 – –

F2H2-4D 10.65 chl-am-schist – – 30 65 – – – b1 b1 – 5 – – – – –

F2H2-4E,G, 5G 10.65 chl(−am)-schist – 7 69 22.5 – – – b1 b1 1 – – – b1 – –

F2H2-4F,J 10.65 chl(-am)-schist – 5 85 10 – – – – – – – – – – – –

F2H2-5A 10.65 phe-am-schist – – 13 59 23 – – b1 3 – 2 – b1 b1 – –

Visual mineral volume% estimation. d=dark. l=light.
Mineral abbreviations – srp: serpentine. tlc: talc. chl: chlorite. am: amphibole. phe: phengite. ep: epidote. aln: allanite. ap: apatite. ttn: titanite. spl: spinel.
px: (Na-)pyroxene. pmp: pumpellyite. rt: rutile. zrc: zircon. grt: garnet. bt: biotite.
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phases such as ilmenite, titanite, apatite and garnet enclosed in a
chlorite matrix. Apatite, titanite, allanite, zircon and ilmenite are com-
mon trace minerals, whereas magnetite is relatively rare. The follow-
ing chlorite-epidote-schist types can be distinguished:

1) One albite-bearing sample (F1H4-3a) is dominated by chlorite+
epidote (Xps=0.33)+titanite. Magnetite and albite occur as μm
scale rounded inclusions in epidote, patchy titanite was found as
inclusions in or overgrowths with epidote and partly surrounds
allanite.

2) One quartz-bearing sample (Fig. 4d; F2H2-1a) is composed of
coarse-grained amphibole, epidote (with trace amounts of alla-
nite) and apatite embedded in a matrix of platy chlorite. Amphi-
bole crystals are elongated and often irregularly zoned, some
have patchy cores. Compositions vary from Mg-hornblende in

the cores to glaucophane in the rims. Also zonations between
actinolite-winchite can be observed. Other amphibole crystals
have edenite cores surrounded by actinolite-winchite zonations.
Aside from amphibole-rich areas, there are epidote-apatite-
titanite rich areas in the sample. Besides traces of titanite, further
minerals are zircon and inclusions of α-quartz in epidote (con-
firmed by Raman spectroscopy). Apatite and titanite also occur
as single grain inclusions in amphibole.

3) Fig. 4e+f show a sample dominated by an amphibole-chlorite
matrix with minor epidote, allanite, rutile, titanite and traces of il-
menite, phengite, pyroxene, pumpellyite, zircon and magnetite
(E1H3-4b). The sample also hosts rare actinolite, pargasite/Mg-
hastingite and more frequently edenite amphibole, crystallized
as predominantly zoned, subhedral grains. Patchy amphibole
with Na-rich spots has Mg-hornblende composition. Rims of

Fig. 4. Back-scattered electron (BSE) images of a) biotite-chlorite schist with garnet and accessory spinel, b) talc-schist, c) fine-grained amphibole-chlorite-schist, d) zoned epidote
with quartz-inclusions in a chlorite-amphibole-schist, e+f) pumpellyite-epidote-(Na-)amphibole-assemblage in a amphibole-chlorite-schist, g) garnet- and epidote-bearing rock
fragment, h) phengite-rich amphibole-chlorite schist. Mineral abbreviations after Kretz (1983): Aln=allanite, Ap=apatite, Am=amphibole, Chl=chlorite, Ep=epidote,
Grt=garnet, Ilm=ilmenite, Mag=magnetite, Phe=phengite, Pmp=pumpellyite, Qtz=quartz, Rt=rutile, Ttn=titanite, Zrc=zircon.
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amphibole needles and some internal bands have Na-rich (winch-
ite and richterite) composition. Amphiboles enclose rutile, ilmen-
ite and epidote grains. Rutile and ilmenite always occur together
(ilmenite as an exsolution from rutile) and they partly reacted to
form (i) titanite, which surrounds the rutile, or (ii) larger titanite
grains, which include patches of pumpellyite and sometimes chlo-
rite. The pumpellyite can also contain small magnetite grains. The
reaction Rt+Ilm→Ttn+Pmp+Mag requires addition of Ca,
which most likely is sourced from the surrounding amphiboles.
Epidote has allanite cores and inclusions of rutile-zircon aggre-
gates. Zircon may also be found as single grains within amphibole.
The epidote-allanite assemblages occur in contact with the rutile-
titanite-pumpellyite-magnetite assemblages. Pyroxene is in as-
semblage with amphibole and chlorite as euhedral crystals and
has variable aegirine-augite composition (7–26 mol% Jd). Tiny
phengite needles are aligned to amphibole near epidote rich
assemblages.

4) In one garnet-bearing sample (E1H3-4c) the dominant phase is
platy matrix chlorite embedding irregularly distributed epidote
(with allanite rich zones), minor apatite, garnet, amphibole, tita-
nite, spinel and trace amounts of rutile, zircon and allanite. Garnet
occurs as single euhedral grains, often surrounded by epidote, tita-
nite and chlorite, while it seems to replace epidote (Fig. 4g). Apa-
tite is sub- to euhedral and occurs together with epidote, but is
also found as inclusions in epidote and as tiny round inclusions
in the centre of garnets. The average garnet composition is Prp12-
Alm22Sps48Grs11Adr7. Cracks in the epidote and garnet grains are
filled with chlorite. Zircon grains are found as inclusion in chlorite,
apatite and epidote. Rutile and ilmenite inclusions are found in
titanite, which on the other hand includes patches of epidote. Am-
phibole occurs as aggregates of small anhedral needles of winchite
composition.

Another sample is an epidote-apatite-titanite aggregate (E4H2-
2b) which is composed of variably sized epidote grains distributed
in a chlorite matrix. Apatite grains occur together with the epidote
and titanite and accumulate in some areas of the sample.

4.1.3. Amphibole-chlorite-phengite-schists
Amphibole-chlorite-phengite-schists are characterized by variable

amounts of amphibole, chlorite and phengite as major constituents.

1) Coarse-grained schists have a foliation defined by elongated am-
phibole needles and phengite sheaves in a chlorite matrix (Fig. 4
h). Amphiboles have irregular to patchy zonation with composi-
tions between actinolite, magnesio-hornblende and magnesio-
riebeckite (F2H2-5a) and actinolite with rare Mg-hornblende in
core-like areas, Mg-riebeckite in rim-like areas, and winchite in
thin fissure-like veins within amphibole (F2H2-4a,b,h). Interstitial
elongated pyroxene aggregates have aegirine composition with up
to 28% jadeite component (F2H2-5a) and ~19% Jd component
(F2H2-4a,b,h), respectively. Titanite occurs as interstitial irregular
formed grains. Trace minerals are rutile as inclusions in titanite
and amphibole, apatite as inclusions in amphibole, solely tiny zir-
con grains and zircon and apatite as inclusions in titanite.

2) In fine-grained schist (E1H3-4a) phengite sheaves and unzoned
amphiboles (winchite to Mg-riebeckite composition) in a chlorite
matrix define the foliation. Large apatite grains occur in minor
amounts, irregularly shaped ilmenite occurs in assemblages with
titanite and epidote. Rutile, epidote and titano-magnetite occur
as inclusions in ilmenite, epidote also in apatite.

3) In phengite-schist, dominated by large (~1 mm long) oriented and
well-crystallized phengite sheaves, amphibole with Mg-
hornblende composition and titanite are intergrown in a chlorite
matrix (E1H3-4d).

4) In chlorite-dominated schists (F1H1-3 d), small phengite sheaves
are irregularly distributed with little spinel.

4.1.4. Modal major-element composition of metamafic rocks
To estimate the volume fraction of the minerals, gray-scale back-

scattered images were evaluated using the visualizing software Ima-
geJ 1.39 t (National Institutes of Health, USA). Modal abundances of
mineral assemblages in the recovered mafic clasts are reported in
Table 3. Although the size of the rock fragments is very small, the vol-
ume % estimations are statistically representative due to the very
small mineral grain size within the fragments.

Combining the modal abundance (Table 3) and compositions of
relevant mineral phases (see electronic appendix A1) gives the bulk
rock composition of the mafic samples (Table 5). The FeO content of
minerals was recalculated to Fe2O3. It should be stressed that our
South Chamorro bulk rock compositions bear errors owing to the vi-
sual mineral volume % estimation and the averaging of variable min-
eral compositions (e.g., amphibole) of the very small metamafic
clasts. Amongst the 50 clasts, seven clasts are large (>6 mm) and
show about 600 to 20,000 grains available for counting. Statistically,
this means that for these seven clasts, major phases (modal abun-
dance >10%) can be estimated with better than 15%. Further, we
have to keep in mind that the studied clasts are pieces of larger frag-
ments that broke apart along weak zones within the rock and that
therefore, weaker minerals from such fracture zones were preferen-
tially incorporated into the surrounding serpentine-mud matrix.

The metamafic rocks show a wide range in their SiO2 (31–65 wt.%)
and Al2O3 (up to 23 wt.%) abundances (Fig. 5; Table 5). Talc- and/or
amphibole-rich samples have the highest SiO2 contents, whereas
chlorite- and epidote-rich samples are relatively silica-poor. To the
contrary, Al2O3 concentrations increase from talc- and amphibole-
rich samples to chlorite- and epidote-rich samples. The estimated
Mg# ranges from 39 to 92 and the average H2O-content is ~8 wt.%.
The mean composition of all samples is ~46 wt.% SiO2, ~24 wt.%
MgO and ~0.8 wt.% TiO2 with low total alkali (Na+K) content
(b7 wt.%). A similar major element composition is reported for Coni-
cal and Big Blue Seamounts metamafic rocks (Gharib, 2006), metaba-
salt and metadiabase fragments from Conical and South Chamorro
Seamounts (Johnson, 1992; Savov et al., 2005a) as well as basalts
from Sites 801 and 1149 outboard of the IBM margin (Kelley et al.,
2003) and altered basalts from the Mid-Atlantic Ridge (seawater-al-
tered basalts from ODP Hole 504B; Alt et al., 1986; Mottl, 1983). It
has been suggested that Mariana forearc metamafic rocks have a var-
iously modified mid-ocean-ridge basalt (MORB-like) protolith
(Gharib, 2006; Savov et al., 2005a). Nevertheless, our study consider-
ably increases the data collection on Mariana slab and slab–mantle-
interface rocks by displaying tremendous variations in their mineral
assemblages and a significantly broader range of bulk rock composi-
tions of South Chamorro metamafic rocks (Table 5) compared to pre-
vious studies.

4.2. Light element concentrations

4.2.1. ToF-SIMS
The Li and B distribution in selected fragments was mapped by

ToF-SIMS in order to assess the element distribution between phases.
Fig. 6a+b shows Li and B distribution maps of fragment E1H3-4d.
The highest Li content (i.e., count-rates) was recorded in chlorite
and phengite, with significantly less Li residing in amphibole. Chlorite
and amphibole show low B contents relative to phengite, which is
enriched in B.

Fig. 6c+d shows ToF-SIMS Li and B distribution maps of sample
E1H3-4B. Similarly to the previous sample, Li shows very high con-
centrations in chlorite and phengite and is much less abundant in
the amphiboles. Phengite shows the highest B contents, whereas
chlorite shows highly variable B concentrations. Amphibole and
other mineral phases mainly lack B.

Overall the ToF-SIMS elemental mapping reveals that phengite,
chlorite and amphibole are the major Li carriers in these rocks and
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that phengite and chlorite are the major carriers of B, with amphibole
and other mineral phases from the investigated samples having rela-
tively low Li and B contents.

4.2.2. SIMS

The light element compositions of blueschist-facies minerals are
reported in Table 4 (and electronic appendix A1). The SIMS analyses

Fig. 5. Chemical discrimination diagram, MgO vs. Al2O3, calculated H2O-free, demonstrating the conceptual model for mixing in the Mariana subduction mélange zone. The small
white diamonds are South Chamorro Seamount metabasite compositions given by Savov et al. (2005a, 2005b). Large filled circles are MORB and oceanic crust, mantle wedge ser-
pentinite and primitive mantle compositions (Lyubetskaya and Korenaga, 2007; Savov et al., 2007; Smith et al., 1995). Arrows indicate the trends for fluid addition and mechanical
mixing. Gray fields are mafic and ultramafic end-member compositions from Catalina Schist mélange, black lines present Catalina Schist mélange matrix compositions (Bebout and
Barton, 2002).

Fig. 6. ToF-SIMS element distribution maps of the lithium and boron distribution: a+b) sample E1H3-4d with chlorite, phengite and amphibole, c+d) sample E1H3-4b with Na-
rich pyroxene (aegirin-augite: Jd19Ac41Q40), Na-rich amphibole (winchite-richterite), chlorite and phengite sheaves in the upper left. Further minerals are Rt, Ttn, Ilm, Ep, Aln and
Pmp. The contours indicate boundaries of mineral phases that were identified during electron microprobe analysis. The color scale to the right represents the number of ions
counted (increasing from bottom to top), black=no counts. See Fig. 4 for mineral abbreviations.
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Table 4
Light element concentrations (in μg/g) and boron isotope values (in ‰) of representative blueschist-facies minerals.

Analyses no. Li (μg/g) 2σ Be (μg/g) 2σ B (μg/g) 2σ δ11B (‰) δ11B (‰)a 2σ

Allanite
E1H3-4B-15 0.41 0.05 0.21 0.04 2.87 0.19
F1H4-3A-2 0.40 0.04 1.01 0.13 17.47 0.88

Epidote
E1H3-4B-16 0.13 0.03 0.16 0.04 2.55 0.18 −2.45 −2.45 9.15
E1H3-4C-1 0.02 0.01 0.15 0.03 1.59 0.27 −15.56 −15.56 10.41
E4H2-2B-4 0.13 0.04 1.04 0.11 25.19 0.56 −10.17 −10.17 3.28
F1H4-3A-6 0.05 0.02 0.01 0.01 0.06 0.03
F2H2-1A-4 0.01 0.01 0.18 0.07 0.25 0.09

Pumpellyite
E1H3-4B-10 3.41 0.16 7.19 0.42 19.84 0.61

Amphibole
D1H4-1A-13 1.43 0.29 0.47 0.04 1.94 0.17 −11.09 −8.09 10.30
D1H4-1A-3 3.19 0.17 0.72 0.05 3.54 0.12 −0.76 +2.24 9.60
D1H4-2D-11 0.08 0.01 2.82 0.24 6.45 0.25 −10.04 −7.04 7.44
D1H4-2D-13 0.13 0.02 6.63 0.31 10.99 0.32 −8.94 −5.94 6.18
D1H4-2D-15 0.09 0.02 2.04 0.51 4.74 0.21 −3.59 −0.59 6.80
D1H4-2D-5 0.10 0.03 2.03 0.13 7.73 0.30 −5.01 −2.01 7.98
D1H4-2D-9 0.07 0.02 6.00 0.33 23.32 0.74 −10.02 −7.02 6.98
E1H3-4A-2 1.95 0.09 0.74 0.07 7.39 0.29 −4.36 −1.36 6.10
E1H3-4A-14 12.90 0.67 0.46 0.04 3.32 0.21 −11.45 −8.45 4.94
E1H3-4A-1 13.71 0.32 0.70 0.07 5.75 0.18 −6.99 −3.99 6.48
E1H3-4A-3 15.89 1.34 0.44 0.13 2.50 0.19 −12.17 −9.17 5.24
E1H3-4B-1 8.34 0.29 3.26 0.19 4.37 0.27 −11.59 −8.59 4.52
E1H3-4B-3 8.54 0.29 3.56 0.11 4.73 0.26 −10.00 −7.00 4.48
E1H3-4B-6 9.41 0.18 4.06 0.15 3.18 0.25 −11.66 −8.66 5.00
E1H3-4B-18 7.37 0.14 3.03 0.09 3.91 0.25 −11.71 −8.71 5.23
E1H3-4D-14 17.32 0.37 1.91 0.09 3.31 0.27 −10.55 −7.55 6.53
E1H3-4D-15 12.04 0.24 0.16 0.01 2.07 0.11 −15.83 −12.83 1.90
E1H3-4D-16 18.61 0.38 1.38 0.09 3.49 0.23 −10.04 −7.04 5.57
E1H3-4D-34 3.93 0.09 1.57 0.09 2.64 0.24 −9.41 −6.41 6.83
E2H2-4J-2 0.02 0.01 0.06 0.02 3.17 0.23 −10.69 −7.69 9.94
F1H1-3E-1 5.63 0.20 1.03 0.13 2.80 0.32 −2.91 +0.09 10.48
F1H1-3F-1 0.04 0.01 0.36 0.08 6.49 0.33 −0.56 +2.44 6.82
F1H3-2C-2 0.04 0.01 1.51 0.28 4.03 0.30 −8.32 −5.32 9.68
F2H2-1A-1 0.44 0.07 0.88 0.13 2.36 0.19 −3.86 −0.86 10.84
F2H2-4A-6 1.84 0.15 0.36 0.07 3.72 0.35 −2.28 +0.72 9.2
F2H2-4B-1 1.22 0.15 1.10 0.10 3.05 0.19 −7.35 −4.35 10.74
F2H2-4B-4 7.31 0.22 3.48 0.16 3.85 0.28 −8.81 −5.81 8.56
F2H2-4H-1 1.57 0.09 2.01 0.14 3.15 0.25 −6.23 −3.23 9.60
F2H2-4H-4 1.80 0.00 3.51 0.00 2.19 0.00 −1.44 +1.56 8.98
F2H2-4J-2 1.30 0.12 0.52 0.06 2.80 0.29
F2H2-5A-2 7.98 0.42 8.28 0.29 3.74 0.29 −3.66 −0.66 7.40
F2H2-5A-4 36.55 0.68 0.31 0.05 2.23 0.17 −1.03 +1.97 8.72
E7H2-1A-1 0.94 0.07 0.86 0.03 10.15 0.22
E7H2-1B-1 1.76 0.14 0.78 0.08 7.72 0.50
E7H2-2A-1 0.15 0.02 0.11 0.02 0.52 0.08

Chlorite
D1H4-1A-5 38.07 0.35 0.11 0.02 0.87 0.17 −0.89 +2.11 5.34
D1H4-2D-7 13.25 0.56 0.59 0.06 6.61 0.22
E1H3-4A-4 72.33 0.84 0.26 0.05 1.30 0.11
E1H3-4A-9 33.38 0.38 0.24 0.04 12.75 0.45
E1H3-4B-2 99.59 1.10 0.12 0.02 1.03 0.15
E1H3-4B-8 9.24 0.21 6.84 0.23 12.71 0.27 −3.66 −0.66 3.34
E1H3-4C-4 37.26 0.35 0.52 0.06 0.42 0.09
E1H3-4D-31 58.34 0.39 0.24 0.04 4.53 0.42 −9.07 −6.07 1.39
E1H3-4D-18 73.39 0.76 0.14 0.04 0.39 0.06 −10.62 −7.62 1.41
E4H1-2A-3 4.02 0.25 0.02 0.01 17.16 0.65 +4.88 +7.88 4.18
E4H1-2A-6 4.71 0.17 0.02 0.01 5.54 0.45 −0.80 +2.20 7.92
E4H2-2B-5 48.42 1.85 0.33 0.06 1.47 0.08 −0.89 +2.11 8.98
E4H2-2B-7 49.51 0.68 0.38 0.06 3.52 0.40 −1.08 +1.92 7.88
F1H1-3E-3 140.00 2.78 0.01 0.01 2.29 0.27 −0.96 +2.04 7.94
F1H3-2C-4 7.90 0.49 0.11 0.07 15.42 1.08 −6.62 −3.62 7.50
F1H3-2D-2 17.14 0.39 0.27 0.06 17.36 0.42 −7.93 −4.93 3.56
F1H4-3A-5 79.92 1.23 0.25 0.04 0.93 0.11
F2H2-1A-2 1.11 0.14 0.50 0.09 1.18 0.15 −10.7 −7.70 8.30
F2H2-4D-3 10.73 0.24 0.01 0.01 10.54 0.55
F2H2-4F-1 23.21 0.54 0.14 0.04 1.94 0.45 −15.78 −12.78 10.58
F2H2-4G-2 35.42 0.59 0.16 0.05 1.71 0.48 −16.96 −13.96 8.68

(continued on next page)
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corroborate the ToF-SIMS imaging results, which show that phengite
and chlorite are the major Li- and B-bearing phases (Fig. 7). The major
Be carrier in the metamafic rocks embedded in Mariana forearc ser-
pentine mud of SCS are amphibole, chlorite and pumpellyite
(Table 4; Fig. 7b). In detail, pumpellyite has a very high Be concentra-
tion (7.2 μg/g) similar to the highest contents in amphibole and chlo-
rite (Fig. 7).

Amphibole has variable Li and B concentrations with Li contents
reaching ~40 μg/g and B reaching ~20 μg/g. Chlorite has similar B con-
centrations compared to amphibole (0.2–11 μg/g), but higher Li con-
tents that reach up to 105 μg/g. Talc is enriched in both Li and B
(~10 μg/g). Phengite compositions plot in a relatively distinct field
in the Li-B co-variation diagram (Fig. 7) with 30–120 μg/g Li and
20–70 μg/g B. Sodic pyroxene has Li concentrations of about 2 μg/g
and variable B concentrations (range=3.7–13.4 μg/g). Epidotes
from one clast (E4H2-2B) are strongly enriched in B (>8 μg/g). All
other epidotes have low B (0.06–2.55 μg/g) and Li (0.004–1 μg/g)
contents, with one exception in sample E4H2-2B (where Li=5.5 μg/
g). Pumpellyite (one analysis) has a high B content (19.8 μg/g) similar
to the highest B measured in amphibole and chlorite, the Li concen-
tration is 3.4 μg/g. Zoned garnet in association with epidote, titanite,
apatite and chlorite (sample E1H3-4c) can be B-depleted while Li-
rich (4.4 μg/g).

4.2.3. Bulk light element composition
It is obvious that the Li, Be and B contents are strongly controlled

by their major carrier and rock-dominating minerals phengite, chlo-
rite and amphibole (see Tables 4 and 5). Estimated bulk concentra-
tions of these light elements range from b1 to 71 μg/g Li, 0.04 to
2.78 μg/g Be and b1 to 33 μg/g B. The average composition of the re-
covered metamafic clast inventory (without considering the relative
abundance of rock types) is roughly ~23 μg/g Li, ~0.73 μg/g Be and
~8 μg/g B, which is in good agreement with the bulk rock Li and B
compositions of similar metamafic fragments from SCS reported in
Savov et al. (2005a; Fig. 8). However, the calculated B concentrations
are lower when compared with the bulk rock values reported in

Savov et al. (2005a). On the other hand, a higher number of Li- and
B-rich samples clearly shows that more phengite-rich and weak sam-
ples could be recovered, i.e. were investigated in the present study
due to cautious clast picking and preparation.

4.2.4. Boron isotopes
The B isotope analyses by SIMS (Table 4 and electronic appendix

A1) show that B-rich phengites from different samples define a nar-
row range between −2 and −10‰ δ11B, averaging at −6±4‰
(Fig. 9). Predominantly, δ11B values of amphibole, chlorite, pyroxene
and epidote minerals with B concentrations of >10 μg/g (i.e., small
2σ errors) confirm this distinct boron isotope range (with one excep-
tional chlorite). When B concentrations are low, analytical errors in-
crease, but even in such cases >80% of all minerals measured fall
into the same δ11B range (−2 and −10‰).

5. Discussion

5.1. New constraints on PT-conditions

The samples investigated in this study provide additional con-
strains on the pressure (P) and temperature (T) conditions of meta-
morphism in the Mariana forearc. Previous PT calculations for
metamafic fragments recovered at several seamounts in the Mariana
forearc were T=150–250 °C and P=0.5–0.6 GPa (Maekawa et al.,
1992), equivalent to depths of 16 to 21 km below seafloor
(Maekawa et al., 1992, 1993). Pyroxene of metamafic fragments
from our SCS samples reach ~33% jadeitic component (Jd). This
value coincides with mineral compositions given by Maekawa et al.
(1992) and confirms their PT estimations made for metamafic rocks
recovered from the Conical Seamount, ~1000 km to the north of SCS.

Seismic studies (Oakley et al., 2008) and geochemical fingerprints
of clasts and fluids (e.g., Mottl et al., 2004; Savov et al., 2005a) strong-
ly supports the idea that the metamafic materials from SCS are direct
samples from the downgoing Pacific plate at depths of~27 km (Fryer
et al., 2000, 2006; Mottl et al., 2003). This is also consistent with

Table 4 (continued)

Analyses no. Li (μg/g) 2σ Be (μg/g) 2σ B (μg/g) 2σ δ11B (‰) δ11B (‰)a 2σ

F2H2-5A-3 10.23 0.32 0.02 0.01 8.42 0.44 +1.86 +4.86 6.44
Phengite
E1H3-4A-7 66.82 1.10 1.84 0.08 41.52 0.92 −8.72 −5.72 1.39
E1H3-4A-12 62.16 2.71 1.70 0.15 40.89 0.31 −10.77 −7.77 1.45
E1H3-4A-13 76.85 0.62 2.00 0.12 37.91 0.62 −8.43 −5.43 1.49
E1H3-4B-14 83.78 2.51 2.88 0.09 36.98 0.66 −9.54 −6.54 1.79
E1H3-4D-30 78.67 0.67 1.57 0.07 43.32 0.46 −5.61 −2.61 1.33
E1H3-4D-23 94.19 1.38 1.05 0.07 35.65 0.49 −9.01 −6.01 1.53
E1H3-4D-24 96.79 1.03 1.01 0.08 36.99 0.52 −10.40 −7.40 1.46
E1H3-4D-2 97.19 0.52 1.96 0.11 41.27 0.66 −9.98 −6.98 2.52
E1H3-4D-4 100.90 1.05 1.37 0.10 34.72 0.84 −8.19 −5.19 2.14
E1H3-4D-29 105.35 0.55 1.78 0.07 29.31 0.62 −7.41 −4.41 1.43
F2H2-4H-2 35.41 1.32 1.32 0.11 45.04 0.69 −6.96 −3.96 2.66
F2H2-4B-2 39.00 1.48 1.06 0.06 34.80 0.79 −8.89 −5.89 2.14
F2H2-4A-3 39.45 1.19 0.79 0.07 29.98 0.87 −12.30 −9.30 2.40
F2H2-4A-5 42.98 0.46 0.80 0.08 32.10 0.67 −6.81 −3.81 2.60
F2H2-4B-6 50.89 1.56 1.34 0.13 37.86 1.03 −7.89 −4.89 2.42
F2H2-4H-5 53.81 0.66 3.02 0.22 33.63 0.95 −6.52 −3.52 2.72
F2H2-4B-3 56.39 1.41 1.93 0.20 36.42 1.35 −4.96 −1.96 2.40
F2H2-5A-1 26.98 1.38 1.31 0.10 49.74 0.86 −9.91 −6.91 1.94
F2H2-5A-5 37.46 0.53 1.54 0.13 40.09 0.85 −3.94 −0.94 2.46

Talc
E2H2-5D-04 9.16 0.19 0.23 0.07 9.23 0.92

Pyroxene
F2H2-5A-6 2.49 0.00 1.08 0.00 13.37 0.00 +1.26 +1.26 3.84
F2H2-4H-3 1.19 0.08 0.24 0.04 3.73 0.37 −0.77 −0.77 7.98

Garnet
E1H3-4C-3 4.38 0.15 0.00 0.00 0.06 0.02

a Matrix corrected boron isotope values.
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subduction-related earthquake locations that infer a slab depth of
29 km below Conical Seamount (Hussong and Fryer, 1982; Seno and
Maruyama, 1984). For SCS Fryer et al. (2000) suggested T of up to
350 °C and P of ~0.8 GPa, equivalent to slab depths of ~26 km.

These two well-studied seamounts, South Chamorro and Conical
Seamount, have a similar position relative to the subduction trench
but at two spatially remote sites (Fig. 1b). Hence, it is important to
note that PT conditions of the Mariana forearc are now not con-
strained based on a single site that could be an anomaly, but rather
that the PT conditions within the same subduction zone remain the

same for the shallow fluid-expelling regions. It is then expected that
the subducting slabs in the Marianas will dehydrate in the sameman-
ner considering the subduction assemblage remains the same (old
Pacific oceanic crust).

Our study documents the existence of pumpellyite (sample E1H3-
4b) in (i) association with titanite, magnetite, rutile, ilmenite and ep-
idote surrounded by a chlorite+(Na)–amphibole (±Na-Px) matrix,
and (ii) single pumpellyite crystals in amphibole (also sample
E1H3-4b). The comparative study of onland pumpellyite-bearing
metamorphic terranes by Brown (1977) gives a petrogenetic grid

Fig. 7. a) Li vs. B content and b) Be vs. B content of minerals discovered in slab-derived blueschist facies clasts. Phengite is the major B carrier, phengite and some chlorite are the
major Li carrier. Amphibole and phengite are the major Be hosts.

Table 5
Bulk rock composition (wt.%) of blueschist-facies clasts calculated after estimated mineral vol.%.

Sample SiO2 TiO2 Al2O3 Cr2O3 Fe2O3 MnO MgO CaO Na2O K2O NiO P2O5 H2O Total Na2O +
K2O

Mg# Li (μg/g) Be (μg/g) B (μg/g)

D1H4-1a 48.79 0.02 6.29 0.15 12.64 1.21 20.65 3.60 2.35 0.03 0.10 0.00 4.16 95.84 2.38 62.12 12.80 0.49 3.19
D1H4-2d 40.58 2.47 8.05 0.01 9.12 0.22 24.47 6.56 0.35 0.04 0.15 0.66 7.33 92.67 0.39 74.36 7.78 1.22 5.21
D3H1-8C 38.58 0.07 11.15 0.49 7.46 0.04 29.37 0.69 0.22 3.92 0.26 0.00 7.75 92.25 4.13 81.28
E1H3-3d 33.31 0.36 11.77 0.01 11.28 0.24 28.29 2.26 0.34 0.09 0.08 0.82 11.14 88.86 0.43 73.10 20.60 0.41 10.64
E1H3-4a 38.87 1.10 17.35 0.05 14.38 0.28 13.03 3.24 1.08 3.80 0.03 1.64 5.15 94.85 4.88 49.61 51.92 0.97 18.23
E1H3-4b 39.12 5.01 11.30 0.14 13.88 0.32 15.94 8.16 1.64 0.16 0.04 0.00 4.30 95.70 1.80 55.40 22.70 2.78 4.84
E1H3-4c 28.84 1.89 16.28 0.10 14.92 1.91 12.62 13.06 0.23 0.01 0.10 4.10 5.93 94.07 0.24 45.11 22.91 0.23 0.88
E1H3-4d 42.85 1.46 16.40 0.14 11.31 0.41 13.50 4.98 1.31 2.99 0.05 0.00 4.60 95.40 4.30 56.02 48.90 1.23 13.77
E1H3-5 40.33 0.01 9.20 0.25 6.23 0.20 29.37 3.82 0.06 0.01 0.17 0.00 10.36 89.64 0.07 83.49
E2H2-4b 37.67 0.41 11.12 0.03 12.45 0.17 25.25 4.13 0.21 0.07 0.08 0.41 8.00 92.00 0.28 68.91
E2H2-4j 58.69 0.00 0.04 0.03 3.72 0.10 22.52 13.29 0.23 0.05 0.04 0.00 1.29 98.71 0.28 86.72 0.26 0.07 2.46
E2H2-5d 48.41 0.05 6.82 0.23 8.39 0.51 23.40 5.62 0.64 0.03 0.18 0.82 4.90 95.10 0.67 74.36 13.61 0.72 4.40
E2H2-5j 60.45 0.02 0.13 0.10 3.41 0.01 29.30 0.00 0.03 0.00 0.34 0.00 6.20 93.80 0.04 90.49
E4H1-2a 40.97 0.21 8.15 0.07 9.67 0.15 23.90 6.28 0.41 0.02 0.14 0.00 10.01 89.99 0.43 72.94 2.65 0.04 4.70
E4H2-2b 32.74 0.81 20.98 0.02 15.65 0.28 8.51 15.25 0.01 0.00 0.03 0.82 4.89 95.11 0.01 37.17 20.17 0.61 32.91
E7H2-1a,b,2a,8a,b,10 45.88 0.93 6.76 0.03 11.23 0.41 19.66 9.12 0.99 0.05 0.09 0.82 4.01 95.99 1.04 65.11
E7H2-6A 30.11 1.09 15.13 0.03 14.64 0.45 25.27 1.03 0.08 0.01 0.00 0.00 12.15 87.85 0.09 64.95
F1H1-3C 44.18 0.02 8.47 0.50 8.72 0.38 24.83 6.21 0.28 0.02 0.24 0.00 6.13 93.87 0.30 75.08
F1H1-3D 30.10 0.01 18.95 0.00 14.93 0.59 25.31 0.01 0.01 0.30 0.04 0.00 9.76 90.24 0.31 64.32
F1H1-3E 41.71 1.63 7.75 0.13 7.23 0.45 20.35 10.26 0.70 0.03 0.14 1.64 7.99 92.01 0.74 74.52 70.85 0.29 2.46
F1H1-3F 45.07 0.03 6.75 0.12 10.10 0.20 24.98 6.57 0.76 0.03 0.19 0.00 5.20 94.80 0.79 72.87 8.20 0.34 9.11
F1H3-2C 57.84 0.01 1.18 0.03 3.55 0.14 29.20 2.08 0.08 0.01 0.43 0.00 5.45 94.55 0.09 89.75
F1H3-2D 35.57 3.08 10.87 0.01 10.53 0.08 25.59 2.85 0.14 0.09 0.05 0.00 11.12 88.88 0.23 72.79 16.05 0.45 20.01
F1H3-2F 57.94 0.01 0.10 0.02 2.63 0.12 28.07 4.27 0.19 0.01 0.25 0.00 6.37 93.63 0.20 91.83
F1H4-3a 32.66 1.02 18.82 0.01 12.75 0.56 18.80 7.68 0.02 0.01 0.03 0.00 7.64 92.36 0.03 60.96 66.59 0.39 1.32
F1H4-5 42.78 0.01 8.71 0.45 6.67 0.30 26.77 5.59 0.29 0.02 0.27 0.00 8.16 91.84 0.30 80.94
F2H2-1A 31.89 0.42 10.89 0.02 12.68 0.77 10.33 18.90 0.92 0.06 0.06 8.20 4.85 95.15 0.99 45.86 0.57 0.60 1.34
F2H2-3F 57.12 0.01 0.15 0.06 7.14 0.14 20.47 12.02 0.54 0.07 0.29 0.00 1.99 98.01 0.61 75.68
F2H2-4A,B,H 49.80 1.34 12.55 0.03 12.08 0.35 10.41 3.67 2.44 4.12 0.01 0.00 3.20 96.80 6.56 48.09 21.28 1.72 16.94
F2H2-4D 48.20 0.11 5.49 0.15 9.75 0.17 22.04 9.31 0.18 0.02 0.07 0.00 4.51 95.49 0.20 71.12 3.60 0.09 4.94
F2H2-4E,G, 5G 37.83 0.10 12.22 0.26 8.04 0.49 27.34 2.98 0.12 0.01 0.19 0.21 10.23 89.77 0.13 77.94 27.59 0.29 1.45
F2H2-4F,J 34.46 0.03 15.31 0.22 7.60 0.43 29.37 1.19 0.07 0.01 0.22 0.00 11.09 88.91 0.07 80.14 21.96 0.23 1.23
F2H2-5A 50.52 1.12 9.93 0.04 12.09 0.48 13.45 4.50 2.72 2.35 0.02 0.00 2.77 97.23 5.07 54.19 22.50 2.10 14.97

Bulk rock compositions (wt.%) calculated after estimated mineral vol.%. Mg#=100*MgO/(MgO+MnO+FeO). Totals exclusive H2O.
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for relative PT-range estimations. Although the limiting phase rela-
tionships require quartz and albite, which do not occur in the
pumpellyite-bearing sample from South Chamorro Seamount, the
Black Butte blueschist in the Franciscan Complex includes the critical
phase assemblage Pmp+Ep+Na-Am. Tectonically, the Franciscan
Complex represents mélange units including blueschist-facies rocks
that were emplaced in forearc position (e.g., Bebout et al., 1993;
Cloos, 1986; Grove and Bebout, 1995; King et al., 2007). Temperatures
for these Franciscan pumpellyite-bearing blueschists are in the range
250–300 °C at pressures of ~0.7 GPa (Brown and Ghent, 1983). Ac-
cordingly, the pumpellyite-bearing sample from SCS can confirm the
published PT estimates and seismic observations at both Conical and
South Chamorro Seamounts for the Mariana forearc region.

5.2. Composition of the subducted Pacific slab under the Mariana forearc
and evidence for a subduction mélange

The metamafic rock types recovered from SCS (and other serpen-
tinite seamounts on the Mariana forearc) present a great variety of li-
thologies that appear to be ripped off pieces of the subducting Pacific
slab that became incorporated into the fault gouge, which assisted the
exhumation of these clasts via serpentinite mud volcanism (e.g.,
Cloos and Shreve, 1996; Fryer et al., 2006; Mottl et al., 1998; Sample
and Karig, 1982; Scholz and Small, 1997; Shipley et al., 1992;
Yamazaki and Okamura, 1989). The compositional range between
samples in the present study suggests a relevant heterogeneity of
the exhumed solid slab materials. Although the metamafic clasts
erupted by the SCS cannot give any information about their original
spatial relationship, they show a very similar lithology and geochem-
ical composition compared to exposed onland mélange outcrops.

Such tectonic mélanges are among the most characteristic features
of subduction zones found in forearc regions with various ages and
tectonic histories (e.g., Bebout and Barton, 1989, 2002; Bebout et al.,
1993; King et al., 2006). At these settings, the mélange rocks are char-
acterized by chaotic hybridized mixtures of peridotites, basalts and
sediments that have experienced blueschist-, amphibolite-, or
eclogite-facies metamorphic conditions (e.g., Bebout and Barton,
1989, 2002; Bebout et al., 1993; Fisher, 1996; King et al., 2003,
2006). Bulk compositions vary between oceanic (MORB-type) basalts
and peridotites (Altherr et al., 2004; King et al., 2007; Marschall et al.,
2007), represented by variously serpentinized regions mixed with
metamorphic schist-assemblages and tectonic blocks affected by
strong mechanical mixing, deformation and metasomatism due to
fluid flow (e.g., Bebout and Barton, 1989, 2002; Breeding et al.,
2004; King et al., 2006; Sorensen and Grossman, 1989). The formation
of such mélange zones along the slab–mantle shear zone is enabled
by the presence of rheologically weak minerals above the subducting
slab, formed during slab devolatilization and the resulting fluid-rock
interactions (Bebout and Barton, 1989, 2002; Bebout et al., 1993;
Peacock and Hyndman, 1999; Reinen, 2000; Reinen et al., 1994).

Observations and geochemical studies on high-pressure metamor-
phic rocks and adjacent serpentinites in mélange suites are based on
onland locations where erosion has exposed ancient subduction
zones accompanied by retrograde metasomatism, such as the Francis-
can Catalina Schist (USA), Syros (Greece) and Elekdag (Turkey)
(Altherr et al., 2004; Bebout, 1995; Breeding et al., 2004; Coleman
and Clark, 1968; Essene and Fyfe, 1967; King et al., 2006; Marschall
et al., 2006a, 2007; Miller et al., 2009; Pelletier et al., 2008;
Sorensen and Grossman, 1989). Direct sampling of an active slab–
mantle interface is possible only in the Mariana subduction zone.

Fig. 5 shows the SiO2-Al2O3 variation of SCS metamafic rocks (this
study; Savov et al., 2005b) compared to amphibolite-grade
(0.8–1.1 GPa; 640–750 °C) mélange rocks from the Catalina Schist,
California (Bebout and Barton, 2002), where chemically distinct ‘end-
member’-groups and ‘rind’-groups associated to slab–mantle-interac-
tion were described (Bebout and Barton, 1989; Bebout et al., 1993;

Breeding et al., 2004; King et al., 2003; Manning, 1997; Marschall,
2005; Miller et al., 2009; Sorensen and Grossman, 1989). Very similar
compositions are found for the SCS rocks indicating that they are hy-
bridized mélange originating clasts.

In detail, serpentinized mantle peridotite with an average compo-
sition of 43 wt.% SiO2 and Mg# of 91–93 (Savov et al., 2005a,b, 2007)
makes the ultramafic endmember within the Mariana subduction
mélange. Associated ‘rind metasomatism’ is indicated by a decrease
of MgO and increase of SiO2 contents at constant Al2O3 and the forma-
tion of talc-rich rocks with tremolitic to actinolitic amphibole (Fig. 5).
Talc abundance decreases and chlorite becomes the major phase to-
gether with amphibole with distance to the serpentinite.

The mafic ‘endmember’, i.e., the subducted and metamorphosed
Pacific oceanic slabs under the Mariana forearc, is transformed into
epidote-bearing rocks which are enriched in Al2O3 and CaO, but rela-
tively depleted in SiO2 (Table 5; Fig. 5). Accordingly, phengite-rich
amphibole-chlorite-schists represent the meta-sedimentary portion
of this subducting Pacific slab inventory. These rocks are enriched in
Al2O3, Na2O and K2O, but have low CaO (Table 5). Samples with pre-
dominantly chlorite and little phengite might be metasomatic ‘rinds’
related to these meta-sediments. Metasomatic ‘rind’ formation asso-
ciated with mafic (both epidote- and phengite-rich samples) rocks
is characterized by decreasing Al2O3 and increasing SiO2 concentra-
tions (Fig. 5) related to an increase in amphibole and talc abundance.

In the Catalina Schist and Syros subduction complexes, the mél-
ange matrix is composed of weak material formed by mechanical
and geochemical mixing processes. Such mélange material from the
Mariana slab–mantle-interface might probably be disaggregated in
the uprising fluid-serpentine-mud mixture or represented by some
fine-grained chlorite-amphibole-schists. Evidence for such tectonic
mixing is indeed given by a strongly foliated sample of chlorite inter-
grown with biotite and tiny andradite and spinel grains concentrated
in the chlorite and clasts of intergrown chlorite and titanite.

The geochemical variation with strong tendencies of mechanical
and fluid-driven mixing of the SCS samples (Fig. 5) shows that meta-
somatism along the slab–mantle boundary is an important mecha-
nism. Hence, assumptions about fluid fluxes and calculations of
element loss due to dehydration during subduction must be inter-
preted in a critical manner.

Some epidote-schists from SCS show the presence of garnet. This
matches the high pressures acquired only in the forearc, as garnet is
not a direct slab component. Altogether, even at shallow depths,
what is thought to be a stratified sediment-MORB-peridotite, slabs
are disintegrated already and represented by a complex fine grained
mix. If this is the case, it is important for fluid mechanics, since the
media is more porous and reaction surfaces are much larger (e.g.,
Ague, 2007). Hence, elemental fluxes will be larger and exchanges
would be maximized early on in the subduction process.

5.3. Fluid and light element loss during shallow subduction

This study presents new insights about the Li, Be and B distribu-
tion between minerals from metamafic clasts from an active subduc-
tion zone. As expected in such lithologies, chlorite is the major phase
for Li and phengite the major phase for B (see e.g., Domanik et al.,
1993; Marschall et al., 2006a). However, it is noteworthy that chlorite
can also be a major host for B, as observed in several samples by SIMS
and ToF-SIMS (Fig. 6d).

The ‘reconstructed’ bulk rock light element concentrations of
theSCS metamafics vary strongly from nearly zero to ~70 μg/g (for
Li) and ~35 μg/g (for B) (Fig. 8) and average bulk rocks are estimated
to contain ~23 μg/g Li, ~0.73 μg/g Be and ~8 μg/g B. Similar light ele-
ment concentrations and low B/Be ratios (b30) were observed for
blueschist-facies meta-sedimentary rocks from the Catalina Schist
(~10–41 μg/g Li, ~0.2–1.4 μg/g Be and~8–59 μg/g B; Bebout et al.,
1993, 1999). The protolith of the metamafic rocks is the subducting
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Pacific plate which experienced low T seawater alteration resulting in
an enrichment in light elements compared to depleted mantle
(Bonatti et al., 1984; Deschamps et al., 2011; Kelley et al., 2003;
Salters and Stracke, 2004; Sano et al., 2004; Spivack et al., 1987;
Thompson and Melson, 1970; Vils et al., 2008, 2011). Oceanic crust
at IODP 1256D has B contents of~1 to 6 μg/g (Sano et al., 2008) and
altered crust at ODP Site 801 in the Western Pacific has Li concentra-
tions of about 3–97 μg/g and Be concentrations of about 0.05–3.1 μg/g
(Kelley et al., 2003). The composition of pelagic sediments is about 2
to 96 μg/g Li, 0.3 to 2.8 μg/g Be and about 15 to 132 μg/g B (Ishikawa
and Nakamura, 1993; Ryan and Langmuir, 1988). However, sediment
input is limited due to the very thin sediment pile that is actually sub-
ducted at the Marianas Trench (e.g., Stern et al., 2003 and references
therein). Nevertheless, it can be expected that the hydrous portion of
the subducting slab introduces large amounts of Li (Be) and B into the
otherwise light element poor deep mantle regions (depleted mantle:
0.7 μg/g Li, 0.0025 μg/g Be and 0.06 μg/g B; Salters and Stracke, 2004).
The bulk rock light element abundances of the metasomatized SCS
metamafic rocks are variable but in average lower than in the subduc-
tion input of average altered oceanic crust (AOC; ~15 μg/g Li and
~0.8 μg/g Be: Kelley et al., 2003 and ~26 μg/g B: Smith et al., 1995)
plus sediments that arrive at the Marianas Trench implying Li-, Be-
and B-loss by dehydration during subduction until 27 km depth
below SCS. As expected, Be appears to behave less fluid mobile than
B. The low B/Be ratio implies that B was preferentially removed
from the slab during early subduction while Be concentrations hardly
changed. Savov et al. (2007) report large slab inventory depletions of
~75% for B and ~15% for Li based on Mariana forearc samples recov-
ered at Conical and South Chamorro Seamounts. The limited Be mo-
bility recorded by SCS rocks correlates with the low temperature
alteration environment (Maekawa et al., 1992, 1993; Vils et al.,
2011). However, the significant light element concentrations in the
mélange zone derived SCS metamafic rocks propose that still large
amounts of Li, Be and B, bound in minerals such as chlorite, amphi-
bole, phengite and epidote, are carried in the subducting Pacific slab
for further subduction in the Marianas.

5.4. Boron isotope evolution of the Mariana slab

The δ11B ratios in the B rich SCS metamafic rocks have an average
value of −6‰ ±4‰. Unmodified mantle peridotites and MOR volca-
nic rocks show low to extremely low light element (Li, Be, B) concen-
trations (Ryan and Langmuir, 1987, 1988, 1993). To the contrary,
subducting sediments, altered (serpentinized) oceanic crust and ser-
pentinized ultramafic rocks (mantle wedge) are important reservoirs

for light elements such as B and show δ11B values higher than MORB
(or depleted mantle reservoir), due to a preferential enrichment of
the heavy isotopes during the interaction with seawater or B-rich
slab-derived fluids (Bonatti et al., 1984; Chan et al., 2002; Vils et al.,
2008, Vils et al., 2009). The altered oceanic crust (AOC) has been
shown to be the major B contributor to the subarc mantle. Its isotope
composition can vary between −4‰ and +25‰, depending on the
mineralogy, extent of fluid-rock interactions, temperature, pressure
and pH experienced by the slabs during low T seafloor metamor-
phism (Oman and Cyprus ophiolites; Smith et al., 1995; Foustoukos
et al., 2008). While the average boron isotopic composition of AOC
is reported as +3.4 ±1.1‰ (Smith et al., 1995), the B isotope signa-
ture of seafloor pelagic sediments ranges from −7 to +11‰
(Ishikawa and Nakamura, 1993). Volumetrically subordinate trench
turbidites have δ11B values between −6 and −1‰ (You et al.,
1995). These data suggest that the average δ11B value of the altered
Pacific crust is slightly positive (Fig. 10) in agreement with Smith et
al. (1995). Consequently, the consistently negative δ11B value of
−6‰ in SCS blueschist-facies metamafic minerals implies release of
11B-enriched aqueous fluids from the subducted slab inventory dur-
ing progressive slab devolatilization and metasomatism due to sub-
duction zone metamorphism. The dataset we report in this study is
in agreement with existing reports for rocks recovered from active
subduction zone studies that reported a δ11B value of −8 or −10‰
for subducted sediments (Ishikawa and Tera, 1997; Smith et al.,
1997), –3 to −7‰ for metabasalt that experienced subduction zone
metamorphism (Peacock and Hervig, 1999) and −2 to −9‰ for
blueschist-facies metasomatized rocks from the Catalina Schist
(Bebout et al., 1992, 1999; King et al., 2007).

King et al. (2007) modeled the B isotope fractionation during pro-
gressive dehydration of subducting oceanic crust and used a δ11B of
+3.4‰ (Smith et al., 1995) for AOC as a starting value. The same ap-
proach can be applied for the Mariana subduction zone system
(Fig. 10). The preferential loss of the heavier isotope 11B during Ray-
leigh fractionation results in a heavier δ11B in the fluid fraction and a
lighter δ11B in the residual subducting slab material (Benton et al.,
2001; Leeman and Sisson, 2002; Palmer and Swihart, 1996; Peacock
and Hervig, 1999; Rosner et al., 2003; Ryan, 2002; Savov et al.,
2004; Williams et al., 2001). Considering a temperature of
300–350 °C at ~27 km as the depth of the slab–mantle-interface, an
experimentally determined B isotope fractionation value (Δ11B) be-
tween boromuscovite and fluid of−14.8 and−13.3‰ (stronger frac-
tionation at lower temperature) can be applied (Wunder et al., 2005).
This is in agreement with an experimentally derived isotope fraction-
ation factor of B between silicates (B[4]) and water (B[3]) between
−15.2 and −13.8‰ at 300 and 350 °C, respectively (Williams et al.,
2001). At very low T (~200 °C) a fractionation (Δ11B) of even
−21‰ is expected between sheet silicates and fluids of neutral to
basic pH (Williams et al., 2001; Wunder et al., 2005).

Thereafter, the decreasing fractionation factors with depth can
change the δ11B value of the slab material from about +3.4‰ down
to the observed range of −10 to −2‰ below SCS (Fig. 10). Our
new δ11B mineral dataset is providing evidence that boron fraction-
ation of subducted crust and sediments is already very effective at
shallow depths of up to ~27 km in the Mariana subduction zone.

5.5. Boron isotope composition of slab-released fluids

Boron isotope values of fluids released from the subducting Pacific
slab must respond to the fractionation behavior between slab materi-
al and fluid release during subduction. As the subducting altered oce-
anic crust has a positive δ11B value (Smith et al., 1995), fluids released
at the onset of dehydration, where temperatures are very low and B
fractionation between silicates and fluids is large (Peacock and
Hervig, 1999; Wunder et al., 2005), have positive δ11B values, signif-
icantly above the ranges of mantle and MORB (Marschall et al.,

Fig. 8. Li vs. B of estimated bulk rock concentrations compared to bulk rock composi-
tions of metamafic fragments from Conical and South Chamorro Seamounts studied
by Savov et al. (2005a).
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2007; You et al., 1995). With increasing depths and temperatures, the
B fractionation factor between slab minerals and expelled fluid will
decrease (Peacock and Hervig, 1999; Wunder et al., 2005). Fig. 10
shows how boron isotope ratios of minerals and released fluids de-
crease when subduction proceeds and that δ11B of fluids can also
reach negative values, even lower than those of the depleted MORB
mantle. In our case, at the large temperature range of 200–350 °C in
~27 km depth below South Chamorro Seamount, a slab (amphibole,
phengite, chlorite)-released fluid with a heavy δ11B (max. +14
±4‰) can be expected, leaving behind slab material with the ob-
served light δ11B (−6±4‰) (Fig. 10). If chlorite and amphibole
with a slightly positive B isotope signature (Fig. 9) dehydrate, the cor-
responding fluid might reach δ11B values in access of +20‰. Consid-
ering the heterogeneous nature of the mélange zones (i.e., well-
documented large variations in the lithology, initial B and B isotope
values) and in the metamafic clasts from SCS, in particular, it is rea-
sonable to assume large chemical gradients of the expelled slab fluids
produced via dehydration and metasomatic reactions occurring with
depth and upon transit through the mantle to the surface.

The relatively low-temperature slab released fluids are available
for the hydration of the overlying mantle wedge peridotite. The
heavy B isotopic fluid signature (+14‰; Fig. 10) at slab depth very
well explains the heavy δ11B signature of upwelling fluids (+9 to
+13‰) in the Mariana forearc region reported by Benton et al.
(2001) for Conical Seamount and Savov et al. (2004) for SCS. This
clearly supports the idea of a common deep fluid source for these
fresh upwelling fluids most probably resulting from dehydration of
various minerals from both the sediment and from the altered basalt
(AOC) of the subducting Pacific Plate, as previously suggested by
Mottl et al. (2003, 2004).

One consequence of the release of these B-rich slab-derived fluids
is the metasomatic reworking of the dry and B poor depleted mantle
wedge peridotites that overly the dehydrating subducted slabs (e.g.,
Pabst et al., 2011; Ryan and Langmuir, 1993; Savov et al., 2005b,
2007). In agreement with Benton et al. (2001), we argue that due to
the B-free nature of the dry MORB mantle and the high pH of the hy-
dration reactions, the serpentinization of the subarc mantle wedge
should reflect well the original boron isotope signatures of the slab-
derived fluid (~+14‰). Indeed, the Mariana mantle wedge serpenti-
nites record a variable B enrichment (up to 40 μg/g, avg ~25 μg/g;

Savov et al., 2007) and a wide range of δ11B values in the serpentine
minerals from−14‰ to +24‰ in (Pabst, 2009) and an average fore-
arc bulk serpentinite δ11B of ~+13‰ (Benton et al., 2001; Savov et al.,
2004).

6. Conclusions

Metamafic rocks from SCS consist of dominantly amphibole-
chlorite-schists, phengite-bearing schists and epidote-bearing rocks
with a general lithology similar to onland mélange locations such as
the Catalina Schist. Mineral assemblages recovered in the Mariana
forearc region clearly indicate blueschist-facies conditions within a
metasomatic mélange zone at slab depths of ~27 km. Our conclusions
are in very good agreement with the results obtained by Maekawa et
al. (1992, 1993) and Fryer et al. (2000, 2006) from studies of meta-
morphic conditions under the Conical Seamount located at similar
to the SCS depth to the slab but located in the forearc region
~1000 km to the north. The ‘pristine’ metamafic material from the
subducted Pacific crust and sediments, which has not been exposed
to retrograde metamorphism, uplift and exposition onland, provides
a strong support for experimental results of B-loss and B isotope frac-
tionation with progressing subduction.

This study reveals that δ11B values of the SCS blueschist-facies
minerals are well defined between−10 and−2‰. This is a direct ev-
idence that the Mariana forearc devolatilization reactions produce
isotopically light residual slabs in comparison with the AOC (+3.4
±1.1‰; Smith et al., 1995) and sediments (−7 to +11‰; Ishikawa
and Nakamura, 1993). The negative δ11B range can be well explained
by Rayleigh fractionation between slab material and released fluids at
low temperatures and is consistent with the current state of knowl-
edge on light element cycling during ongoing and even ancient sub-
duction zones processes (Agranier et al., 2007; Halama et al., 2009;
Peacock and Hervig, 1999; Ryan et al., 1995).

On the one hand, the Mariana forearc slab-derived fluids must
have a specific boron isotope composition, corresponding to the
light δ11B slab signature (e.g., Wunder et al., 2005). This isotopically
light signature is expected to be reflected by subduction outputs
such as serpentinite muds and is in agreement with known boron iso-
tope data for Mariana mantle wedge serpentinites (~+13‰ (Benton
et al., 2001; Savov et al., 2004). A more detailed picture upon specifics
of the element fractionations within the Mariana forearc might be

Fig. 10. The evolution of δ11B as a function of temperature (=increase of fluid loss) for
the metamafic minerals Phe, Am and Chl from South Chamorro Seamount, Mariana
forearc (grey box) and comparison to the field of lawsonite-blueschist facies rocks
from of the Catalina Schist (King et al., 2007). Figure modified from King et al.
(2007), the temperature dependence of fractionation lines of the residual slab and
slab-derived fluids were modeled by Peacock and Hervig (1999), Benton et al.
(2001), Rose et al. (2001), Bebout and Nakamura (2003) and Rosner et al. (2003).
AOC marks the approximate δ11B of altered oceanic crust (+3.4±1‰; Smith et al.,
1995).

Fig. 9. B isotope ratios vs. B concentrations for phengite, chlorite and amphibole in
blueschist facies clasts by SIMS analyses. The correlation shows that bulk blueschists
average at about −6‰ δ11B, highlighted by gray field. Only data with 2σ errors of
b11‰ are plotted, representing the analytically most confident data.
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provided by tracking the B and Li isotopes attached to single textural
types of serpentine group minerals as common in mantle wedge
serpentinites.

Some authors have already suggested links between light element
recycling and the fate of deeply subducted oceanic slabs (Domanik et
al., 1993; Straub and Layne, 2002; Tonarini et al., 2003; Zack et al.,
2003). The still elevated Li, Be and B concentrations of the remaining
slab materials bear a strong potential to further transport fluid-
mobile elements to greater depths. We suggest here that the deep
subduction of such forearc dehydrated and metasomatized lithologies
may have impact on the chemical fingerprints of not only the arc
magmas (e.g., Rose et al., 2001) but also to the deeply derived OIB
magmatic suites and thus influence the still existing global imbalance
for these fluid and melt mobile elements.

Continuing B fractionation during deeper subduction will further
decrease the δ11B of the subducted slab materials. Indeed, this scenar-
io predicts well the relatively light δ11B values for many island arc
volcanic rocks that were produced in equilibrium with the mantle
(primitive arc basalt suites, for example +4.5 to +12.0‰ in the Izu
Arc; Ishikawa and Nakamura, 1994; Straub and Layne, 2002). It also
postulates that arc front rocks that possess heavy δ11B (up to
+18‰ for South Sandwich and El Salvador lavas; Tonarini et al.,
2007, 2011) must not be produced solely based on inputs from the
subducting slabs, but also require the physical addition of forearc
modified serpentinites as proposed by Benton et al. (2001), Savov et
al. (2004, 2005b, 2007) and Tonarini et al. (2007, 2011).

Hence, the Mariana forearc metamafic rocks are a fundamental
link between input materials (e.g., altered oceanic crust and sedi-
ments), deep subduction related lithologies such as eclogites, and
output materials such as arc magmas.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.lithos.2011.11.010.
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